The construction of ports has caused substantial habitat destruction in coastal areas previously used as nursery grounds by many fish species, with consequences to fish stocks. These artificial coastal areas might provide alternative nursery habitats for several species for juvenile fish abundances and growth in ports, although their contribution to adult stocks had never been estimated. The variability of otolith composition in the juveniles of two Diplodus species was investigated in three contrasting port areas and two adjacent coastal juvenile habitats of the Bay of Toulon (northwestern Mediterranean) in order to determine the possible use of otolith fingerprints as natural tags for the identification of juvenile fishes in ports. The global accuracy of discrimination between ports and coastal areas was very high (94%) irrespective of species, suggesting that otolith fingerprints can be used with confidence to retrospectively identify past residency in the ports of this bay. However, Ba was systematically the most discriminating element, since its concentrations in otoliths were generally higher outside ports than in inside them, probably due to river runoff. Moreover, otolith signatures varied greatly by species and between sampling sites. Furthermore, although Cu and Pb concentrations in water were at least 2.3-34-fold higher inside ports than outside, this was not consistently reflected in fish otoliths, confirming that spatial differences in otolith concentrations depend on the species and do not directly reflect differences in environmental contamination levels. Therefore, it seems unlikely that otolith microchemistry could provide a universal fingerprint capable of discriminating ports from other coastal areas. Nevertheless, the contribution of ports to adult fish populations can be determined well by establishing a library of otolith fingerprints for all juvenile habitats.
M A N U S C R I P T A C C E P T E D
(Bouchoucha et al., 2018) in ports when, in theory, fish nursery grounds are defined according to three 10 conditions: they support high abundances of juveniles, they sustain faster somatic growth rates and 11 they also enhance fish survival so their populations contribute more to the final adult stock (Beck et 12 al., 2001). Therefore, the correct estimation of the nursery role played by ports implies estimating the 13 relative contribution of port juvenile habitats to adult stocks. calcified structures located in the inner ear of teleost fishes. They have been widely used in marine 17 ecology and fishery research to describe population age structure, assess connectivity between fish 18 stocks and study individual migration patterns (Campana, 1999; Dierking et al., 2012) . Otoliths are 19 particularly well suited for these applications because of three key properties. Firstly, they grow 20 continuously throughout daily centrifugal accretions of calcium carbonate (CaCO3) aragonitic crystals 21 on protein layers (Campana and Neilson, 1985) . Secondly, as otoliths are acellular and metabolically 22 inert, they are neither reworked nor resorbed, even during times of starvation (Campana and Neilson, 23 1985) . Chemical fingerprints are thus retained permanently within the microstructure (Panfili, 2002) . In this context, the specific aim of this study was to investigate differences in otolith composition 42 among fish juveniles captured after several months of residency in varied habitats located inside and 43 outside ports. Using two Diplodus species with different recruitment periods and five contrasting sites 44 (three inside ports and two outside them, in adjacent juvenile habitats) located in the Bay of Toulon 45 (Northwestern Mediterranean), we tested whether otolith elemental fingerprints could be used with 46 confidence to retrospectively identify previous fish residency in ports. This would allow the reliable 47 assessment of the contribution of ports to adult fish populations and thus better evaluation of the 48 potential consequences of port infrastructures for fish stock dynamics. The hypothesis tested here was 49 that the otoliths of fish captured inside ports would contain consistently higher concentrations of port 50 related trace elements (such as Pb, Cu, Zn, etc.) than those of fish from the other coastal areas. 51
Materials and Methods 52

Model species 53
Two Diplodus species, D. sargus sargus (Linnaeus, 1758) December and in January-February, the first pulse being predominant, and leaves its nursery grounds 62 in June-July. However, in the both species, spatial variability in settlement period may occur (Vigliola 63 et al., 1998) . Moreover, migrations between nursery areas is very limited for both species 64 The second site (TLN) was located about 500 m from the port of Toulon, which is the biggest naval 87 port in the Mediterranean (30 warships and nuclear attack submarines) and a major ferry terminal 88 During this period, temperature and salinity data were also recorded monthly at each site using a CTD 121 probe (YSI Pro30). 122
Otolith analyses 123
Fish juveniles were transported on ice to the laboratory, measured (Total length TL, in mm), weighed 124 (total mass, in mg) and stored at -20°C until otolith extraction. In accordance with Campana et al. 125
(2000), all the materials used for otolith extraction and handling were decontaminated in 4% ultrapure 126 nitric acid baths, triple rinsed with ultrapure water (18.2 MΩ) and dried on a Class 100 clean bench. 127
Diplodus sagital otoliths were extracted using plastic forceps under binocular lens, rinsed with 128 ultrapure water and cleaned of adhering tissues. They were then sonicated for 5 min in ultrapure water, 129 triple rinsed again and dried on the same laminar clean bench. 130
Right otoliths from all fish were embedded separately in epoxy resin (Araldite 2020, Escil) and cut in 131 the transverse plane using a saw with a diamond coated blade (Buehler IsoMet 1000 precision saw). 132
Individual otolith sections were then polished using 1200, 2400 and 4000 silicate papers to expose the 133 core (average thickness ≈ 300 µm). A final sonication was carried out for surface decontamination 134 before storage in dust-free conditions until analysis. 135
In addition to 43 For each otolith analyzed, a linear raster of 150 µm length consisting of approx. 30 sequential 144 measures, was taken along the longest radius, starting at 200 µm after the settlement mark (Fig. 2) . 145
This portion of the otolith corresponds approximately to the third month of fish juvenile life. This was 146 estimated through a microstrucural analysis and a daily increment counts performed on the left otolith 147 of each fish (Vigliola, 1997) . For each otolith, the laser was used to preclean the otolith surface of 148 interest prior to ablation. To do this, the laser was operated at a lower repetition rate (100 Hz) and a 149 faster stage movement (400 µm.s -1 instead of 5 µm.s -1 ) in order to prevent excessive in-depth removal 150
(resulting ablation depth = 2-5 µm). 151
The ablation cell was flushed with Helium (700 ml.min -1 ) to carry the particles to the ICPMS, and 152 argon (300 ml.min -1 ) was mixed with the helium stream using a Y-piece to adjust the optimal particle 153 atomization conditions in the plasma. The plasma was also fed with nitrogen (10 ml.min -1 ) to enhance 154 signal sensitivity. 155
As light elements are prone to interference from polyatomic and double charged isotopes, the mass 156 spectrometer was used in medium resolution mode (R = 4000) to optimize interference removal during 157 analysis. Calcium was used as an internal standard for each ablation to correct for instrumental error 158 (in terms of ablation yield and detection). The quantification of elements in the otoliths was achieved 159 by external calibration using three NIST glass standards (610, 612 and 614). Two otolith Certified 160
Reference Materials (NIES22 and FEBS 1 were also pelletized and used to control the quality of the 161 analysis of selected elements in the fish otoliths. The average limits of detection (LOD) over a three 162 month-session based on the threefold standard deviation of blank gas were 2.0, 0.8, 0. 
Water analyses 166
Following the deployment of the DGTs, the Chelex resin of the probes was peeled off in the laboratory 167 and trace elements were extracted in 1.8 ml of 1 M ultrapure nitric acid (24 -48 h). Concentrations in 168 the acid extracts were analyzed for four trace elements (Pb, Mn, Zn and Cu) using ICP-MS to 169 determine the mass of metal (M) accumulated in the Chelex 100 resin. These elements were chosen 170 because they can be measured using DGT and are representative of port and human activities in the 171
Bay of Toulon (Tessier et al., 2011).
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
For each trace element, the average labile concentrations in water (CDGT) were calculated using the 173 following equation (Zhang et al., 1995) : 174
where M is the mass of the trace element accumulated in the resin, ∆g is the diffusive layer thickness, 176
Dm is the diffusion coefficient of the trace element provided by DGT Research 177 (www.dgtresearch.com), t is the immersion of the DGT probe, and A is the exposure area. 178
Statistical analyses 179
Otolith concentrations for all elements were transformed to their ratio to Calcium (element:Ca ratio) 180 and checked for normality and homoscedasticity prior to statistical analyses. Since none of the 181 assumptions were satisfied, even after transformation, Mann-Whitney tests and Kruskall-Wallis tests 182 followed by Steel-Dwass-Chritchlow-Fligner post-hoc tests were used. For each species spatial 183 variation in elemental ratios were analyzed according to habitat type (inside or outside a port) and the 184 sampling site, respectively. Spatial variation in the elemental composition of water was also tested 185 using Kruskall-Wallis tests followed by Steel-Dwass-Chritchlow-Fligner post-hoc tests. (Table 1) . 218
Spatial differences in otolith elemental concentrations were not consistent for all elements and 219 between species (Fig.3) . Ba, Mn and Sr values were always significantly higher (p < 0.001) outside 220 ports while for Mg and Sn otolith concentrations were consistently higher inside them (p < 0.018). For both species, discrimination accuracy using RF was always maximal when including eight 227 elements out of nine, V and Sr apparently contributing more noise than signal to the discrimination for 228 D. sargus and D. vulgaris, respectively (Fig. 4) . 229
The global discrimination accuracy between ports and adjacent juvenile habitats reached 94% with 230 TSS > 0.87 irrespective of species (Fig. 4, Table 2 ). However, the list of elements included in the RF 231 classifier differed between the two species, the three most useful elements being Ba, Mn and Sn for D. 232 sargus and Ba, Zn and Mn for D. vulgaris (Fig. 4) . 233
When considering the five sampling sites separately, using the optimal RF classifier for each species 234 allowed reaching high overall accuracy for both D. sargus (90%) and D. vulgaris (89%). Yet again, 235 the most useful elements differed between species, the three most discriminating elements being Ba, 236
Sn and Mn for D. sargus and Ba, Sn and Cu for D. vulgaris (Fig. 4) . For both species, 237 misclassification errors mostly concerned the STM sampling site (TSS < 0.84) which was to some 238 extent confused with the MAG, DLE and IFR sites due to similar values for Mn, Sr, Cu, Mg, Sn and 239 Zn (Table 2, Fig. 3) . showed differences in otolith elemental composition between the five sites sampled. This is not 244 particularly surprising as the sampling sites in this work are highly contrasted in terms of contaminant 245 concentrations (Fig. 3) , which are known to influence fish otolith composition (Campana, 1999; 246
Sturrock et al., 2012). 247
In our study area, otolith signatures inside ports differed markedly from those outside them (especially 248 five sampling sites separately also led to very high global classification accuracies (≥ 89%) and correct 253 re-assignment rates for all of them (≥76%). Therefore, although port habitats could be confidently 254 identified here for both species, the variability of elemental fingerprints was high among port sites and 255 among adjacent juvenile habitats. This variability has already been pointed out in natural coastal areas 256 and is largely exploited in studies of the dispersal/connectivity of fully marine fishes (Di Franco et al., 257
2011). 258
However, this work also showed that otolith elemental concentrations in ports do not consistently 259 reflect their high concentrations in the environment. The relationship between environmental exposure 260 and otolith final concentrations was even inversed for some trace elements. For example, in D. sargus, 261 otoliths from MAG were 1.4-fold more contaminated in Cu than those from STM (Fig. 4) whereas Cu 262 concentration was found to be 34-fold higher in the water of MAG (Fig. 3) . Similarly, in D. vulgaris, 263 otolith concentrations in Pb were significantly higher in DLE than in TLN (1.3-fold, p = 0.017) 264 whereas this element was 2.6-fold more concentrated in the water at TLN than at DLE (Fig. 3, Fig. 4) . 265 Therefore, although the three ports studied were more contaminated than adjacent juvenile habitats, in 266 particular for Pb and Cu (Fig. 3) , we failed to find at least one trace element for which otolith 267 metabolism on their accumulation in the otoliths of juvenile Diplodus. Nonetheless, we have to reject 296 our initial hypothesis: the otoliths of the juvenile Diplodus captured inside ports, even at the most 297 polluted sites, did not contain higher concentrations of port-related trace elements (such as Pb, Cu, Zn, 298 etc.) than those from the juveniles captured in less polluted coastal areas. Therefore, otolith 299 concentrations in these elements cannot be used to retrospectively identify the past residency of adult 300 fish in ports, at least for the two species studied. 301 For both species, Ba was the most discriminating element among our sampling sites and between the 302 two types of habitat, as its concentration in the otoliths, with one exception, was consistently higher 303 outside ports than inside them (Fig. 4) . This result is surprising as Ba is routinely used to distinguish 304 (Fig. 1) . As Ba is closely bound to fluvial sediments (Coffey et al., 1997), ambient Ba 311 concentrations may be higher in DLE and MAG than in the three other sampling sites, explaining 312 differences in juvenile fish otolith compositions. Therefore, it is likely that the pattern observed hereM A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
with regard to otolith Ba concentrations is particular to the Bay of Toulon and cannot be extrapolated 314 to other ports and coastal areas. 315
Finally, the trace elements responsible for the discrimination among the five sampling sites differed 316 according to species, which might suggest that otolith fingerprints should be determined for each 317 species independently and cannot be extrapolated from one species to another. The differences in 318 otolith environmental records between our two species may be due to endogenous processes like 319 physiological regulation (Sturrock et al., 2015) as well as to exogenous ones. Indeed, in the 320
Northwestern Mediterranean, D. vulgaris generally hatches in two pulses, in October-November and 321 in December-January, whereas D. sargus generally hatches only in May-June (Vigliola et al., 1998) . 322
Since we analyzed otolith portions corresponding approximately to the third month of life for both 323 species, the environmental signals recorded by the two species do not overlap: for D. vulgaris, the 324 otolith fingerprints correspond to winter/spring conditions while for D. sargus, they correspond to 325 summer ones. Temporal variability in the elemental fingerprints must therefore be evaluated before 326 concluding on the differences in environmental recording capacities among species. 327
In conclusion, our results showed that otolith microchemistry cannot provide a unique and reliable 328 fingerprint discriminating all ports from other coastal areas. Nevertheless, we showed that, as with 329 natural habitats, otolith microchemistry can provide an effective natural tag for determining the 330 contribution of each port individually, at least in the two species studied. Therefore, in order to assess 331 the contribution of ports to adult fish populations, a library of otolith fingerprints from all juvenile 332 habitats should be established, by species and probably by cohort, and matched against fingerprints 
